Alveolar echinococcosis (AE)-caused by the cestode Echinococcus multilocularis-is a severe zoonotic disease found in temperate and arctic regions of the northern hemisphere. Even though the transmission patterns observed in different geographical areas are heterogeneous, the nuclear and mitochondrial targets usually used for the genotyping of E. multilocularis have shown only a marked genetic homogeneity in this species. We used microsatellite sequences, because of their high typing resolution, to explore the genetic diversity of E. multilocularis. Four microsatellite targets (EmsJ, EmsK, and EmsB, which were designed in our laboratory, and NAK1, selected from the literature) were tested on a panel of 76 E. multilocularis samples (larval and adult stages) obtained from Alaska, Canada, Europe, and Asia. Genetic diversity for each target was assessed by size polymorphism analysis. With the EmsJ and EmsK targets, two alleles were found for each locus, yielding two and three genotypes, respectively, discriminating European isolates from the other groups. With NAK1, five alleles were found, yielding seven genotypes, including those specific to Tibetan and Alaskan isolates. The EmsB target, a tandem repeated multilocus microsatellite, found 17 alleles showing a complex pattern. Hierarchical clustering analyses were performed with the EmsB findings, and 29 genotypes were identified. Due to its higher genetic polymorphism, EmsB exhibited a higher discriminatory power than the other targets. The complex EmsB pattern was able to discriminate isolates on a regional and sectoral level, while avoiding overdistinction. EmsB will be used to assess the putative emergence of E. multilocularis in Europe.
Echinococcus multilocularis is the causative agent of alveolar echinococcosis (AE), a parasitic infection of humans that can be lethal if not appropriately treated. In nature this zoonosis involves different mammalian hosts: carnivores ( (32) , and a wide spectrum of rodents are intermediate hosts (34) . Humans who are accidentally infected serve as intermediate hosts and may develop AE after a long incubation period (8, 33) . Nonhuman primates, such as zoo gorillas (Gorilla spp.) or macaque monkeys (Macaca spp.) can also serve as aberrant intermediate hosts (7, 13, 25) . The geographical distribution of the parasite includes large parts of the northern hemisphere: China, Central Asia (12) , Hokkaido in Japan (20) , Central and Eastern Europe (21, 23, 26, 34) , and some parts of North America (14, 27) . The extent of both infection and spatial distribution depends on different factors, for example, (i) the probability of a parasite-host encounter (encounter iris), depending on the density of susceptible rodents and carnivores and the human activities and behavior, and (ii) the balance between the immune evasion capacity of the parasite and the host immune response (compatibility iris) (11) . This interaction implies a host-parasite arms race that may depend not only on the genetic polymorphism of the host (11, 15, 16) among other components but also on the genetic polymorphism of the parasite. For E. multilocularis, few genetic differences among isolates have been observed with classical nuclear and mitochondrial targets (18) . E. multilocularis has shown a variability of at least 10 times less than that of Echinococcus granulosus, the causative agent of cystic hydatidosis (5, 6, 18) . The use of more sensitive tools such as microsatellites-fragments of nuclear DNA composed of 1 to 6 bp tandemly repeated-might provide more information about parasite DNA polymorphism; they are already used for genotyping and spatial distribution studies for other species of parasites, such as Leishmania infantum (10) . They could help to better identify the spatial-temporal characteristics of the E. multilocularis transmission pattern (3) . Analyses performed on the spacers of the U1snRNA gene have shown three distinct genetic profiles for European, North American, and Japanese isolates, but no variability between individual samples of the respective foci has been found (9) . A Japanese team documented differences in an adult worm panel collected from Hokkaido Island, but no relationship between this sample panel and geographical position was demonstrated (22) . These two publications highlighted the importance of microsatellite analyses in the exploration of the genetic diversity of E. multilocularis. Recently, our collaborative laboratory investigation identified 17 microsatel-lite targets (4) . EmsB, a tandem repeated multilocus microsatellite, was identified and characterized. This microsatellite not only clearly demonstrated a high discriminatory power by identifying samples from different geographical origins (Alaska and Europe) but it also found several similar clusters within the European collection of isolates (4) .
In the present investigation, in which the genetic polymorphism of E. multilocularis isolates from Europe, Alaska, China, and Japan was studied, we compared the relevance of four different microsatellite targets. Three of them were taken from a previous work by Bart et al., published in 2006 (4) , and a microsatellite sequence published by Nakao et al. in 2003 was used as an independent marker (22) .
MATERIALS AND METHODS
Selection of microsatellite targets. We selected our microsatellite targets from a series of 17 microsatellites published by Bart et al. in 2006 (4) . In that study, by using amplification and fragment size analyses, microsatellites were isolated from E. granulosus in order to select markers which would show variations between E. granulosus and E. multilocularis. Two E. granulosus strains were initially tested: an Algerian sheep (strain G1) and a Mauritanian camel (strain G6) isolate; the E. multilocularis Swiss isolate CH5-h (shown in Table 2 of the present study) was also included. Seven microsatellites were subsequently selected and tested on 10 E. multilocularis isolates: CH1-h, CH5-h, 32A-h, 33F-h, 36CH-h, 39CH-h, 40CH-h, 41CH-h, SL1-h, and CND-r (included in Table 2 of the present study). For our study, we selected the three most polymorphic targets: EmsJ (GenBank accession no. GbR AY680845), EmsK (GbR AY680857), and EmsB (GbR AY680860). We also selected an additional independent target, NAK1, from a work published by Nakao et al. (target originally named EMms1; GbR AB100031) (22) . For each of the four defined genomic regions, specific primers were designed with Primer3 software (http://frodo.wi.mit.edu/cgi-bin/primer3 /primer3_www.cgi). The respective characteristics are summarized in Table 1 .
E. multilocularis isolates. The panel of 76 E. multilocularis isolates was composed of purified single adult-stage worms obtained from definitive hosts and hepatic metacestode tissue material, which was obtained from intermediate hosts. The adult worms (29 isolates) were taken after necropsies of red foxes; their geographic origins are specified in Table 2 . In the metacestode collection (47 isolates), 14 samples were from Alaska and Canada, including 10 specimens obtained in 1995 from Microtus oeconomus originating from a field (of about 100 m by 100 m) just outside of Savoonga, Saint Lawrence Island, Alaska. These particular samples were collected within a period of 3 days. Twenty-four samples were from Switzerland, among them 11 specimens obtained from Arvicola terrestris, all caught in a field (of about 500 m by 500 m) in the Canton of Fribourg over a 1-month period in 1994. Five metacestode tissue samples were isolated from Microtus limnophilus and Cricetulus kamensis, caught in an area of 50 km 2 in the vicinity of Tuan-Jie, a city located on the eastern Tibetan plateau (Shiqu County in Western Sichuan, China). Sampling was carried out in July 2001 for sample 2PRC-r and in July 2002 for the other Chinese samples. Fourteen samples were obtained from human AE patients residing in Japan, Alaska, Austria, Switzerland, France, and Germany. Six parasitic lesions were collected from monkeys in Swiss zoos, probably occurring after the animals were fed contaminated grass, mowed close to the zoo. DNA extraction, PCR, and size polymorphism analysis. Total genomic DNA was isolated and purified from approximately 50 mg of each of the 47 parasite metacestode tissue samples and from the 29 single adult-stage worm samples, using a DNA Easy tissue kit (QIAGEN, Switzerland). The procedure was carried out according to the manufacturer's protocol. Purified DNA was eluted with 200 l of elution buffer (provided by the manufacturer) for metacestode samples and 50 l for adult worms, in order to obtain optimal DNA concentrations. The DNA concentrations were checked with a spectrophotometer apparatus (BioPhotometer; Eppendorf AG, Hamburg, Germany). The DNA samples were then stored at Ϫ20°C until use for PCR. Reproducibility of results was checked by performing PCR and fragment analysis in two different laboratories: one in Bern (Switzerland) and the other one in Besançon (France). Amplification by PCR was performed in a 30-l reaction mixture containing 50 to 100 ng of DNA, 200 M of each deoxynucleoside triphosphate (GeneAmp dNTPs; Applied Biosystems, Foster City, CA), 0.4 M of fluorescent forward primer, 5Ј-labeled specific fluorescence dye, 0.7 M of classical reverse primers, and 0.5 U of AmpliTaq DNA polymerase enzyme associated with GeneAmp 1ϫ PCR buffer (10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , and 0.001% gelatin) (Applied Biosystems, Foster City, CA) in Bern and 0.5 U of REDTaq DNA polymerase enzyme associated with 1ϫ REDTaq PCR buffer (10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.1 mM MgCl 2 , and 0.01% gelatin) (Sigma-Aldrich, Saint Louis, MO) for the method carried out in Besançon. The PCR amplification was achieved in a Biometra T3 thermocycler (Whatman Biometra, Goettingen, Germany), under the following conditions: 30 cycles with denaturation at 94°C for 30 s, annealing at 54°C (EmsJ 1/2 and EmsK 1/2) or 60°C (EmsB 1/2 and NAK1 A/B) for 30 s, and extension at 72°C for 30 s to 1 min. PCR products were studied in fragment analysis, to assess the polymorphism of size using automatic sequencers. A comparison was made between the two different systems used, in order to evaluate and demonstrate the independent repeatability of the analyses: an ABI Prism 3100 automatic sequencer (Applied Biosystems, Foster City, CA) was used in Bern, and a Beckman CEQ 8000 (Beckman Coulter, Fullerton, CA) was used in Besançon. Fluorescence signals generated by marked primers were read by colorimetric analysis. Correspondences were established to assess the sizes of the amplified fragments, by using Genotyper 3.7 software for the ABI apparatus and Genetic Analysis System 8.0.52 software for the Beckman apparatus. To establish this comparison, the Pearson correlation coefficient was calculated for each sample between data sets obtained on the two systems. Stability of EmsB profiles was checked by repeated testing (five times) of sample 302 PL-F, selected randomly from the E. multilocularis panel.
Genotype determination and statistical analysis. Alleles from single-locus microsatellite targets (EmsJ, EmsK, and NAK1) were plotted using the results of fragment analyses and specified for homozygote or heterozygote genotypes. To assess the genetic diversity provided by EmsB, the presence and the height of each peak, basically corresponding to alleles, were recorded. Peaks below 10% of the highest peak per run were classified as artifacts and removed from the analysis. The height of each defined peak reflected the number of copies of the microsatellite present in the parasite DNA (4) . Because the intensity of signals is dependent on the DNA concentration used for the PCR, normalization for an EmsB profile was achieved by dividing each peak by the sum of all the peaks for a given profile. This method of calculation is an improvement over the method used by Bart et al., which divided each peak by the highest peak of a given profile (4) .
Clusters for the EmsB target were identified by hierarchical clustering analysis, using the Euclidean distance and the unweighted-pair group method using average linkages. The stability of clusters was tested by a multiscale bootstrap resampling (B ϭ 1,000), resulting in approximately unbiased P values (28, 29) . Dendrograms based on hierarchical clustering were constructed by using pvclust (31) , available under the R Project (24) . E. granulosus isolates were included in the analysis as outgroup controls (sample 539, a G1 Algerian sheep isolate, and sample 116, a G6 Mauritanian camel isolate [1, 2] ). In previous experiments (4), we determined reproducibility and repeatability of EmsB microsatellite analyses by testing one isolate, which had been maintained in vivo in Meriones unguiculatus by serial passages at several-month intervals (samples 500, 501, and 502, detailed in Table 2 ). Thus, these three samples showed similar EmsB profiles. These results were then used to calculate a genetic threshold, which enabled us to identify the isolate clusters. The discriminatory power of each of the four microsatellites was assessed using Simpson's index (30) , improved by Hunter and Gaston (19) , and is described by the following equation:
where n is the total number of isolates of the sample panel, s is the total number of groups described, and n j is the number of isolates belonging to the jth type. This index is based on the probability that two unrelated strain samples from a given panel will be placed in different typing groups. A genetic tool has a high discriminating power when the observed value exhibits an index close to 1.
Nucleotide sequence accession numbers. Nucleotide sequence data reported in this paper are available in the GenBank database under the accession numbers AY680845, AY680857, AY680860, and AB100031.
RESULTS
EmsJ, EmsK, and NAK1 polymorphism. Both EmsJ and EmsK loci exhibited two alleles: 152 and 155 bp and 248 and 250 bp, respectively. These loci, forming three genotypes (A, B, and C) are presented in Fig. 1 . Amplification for the EmsJ target was feasible for the entire sample panel (Table 3 ). For EmsK, one isolate yielded no amplification, even though different Taq polymerases and different running conditions were used (data not shown). The target pair EmsJ and EmsK split the panel into two clusters. The whole European panel presented homozygote genotypes at 152 bp for EmsJ and 248 bp for EmsK (Fig. 1A) . The Asian, Alaskan, and Canadian isolates were characterized by heterozygote genotypes at 152 and 155 bp for EmsJ and a homozygote genotype at 248 bp for EmsK (Fig. 1B) . Only one Alaskan sample (collected in the field close to Savoonga) differed for EmsK, with an allele at 250 bp (Fig. 1C) b n, number of E. multilocularis isolates tested.
heterozygosity observed was 33.3% for EmsJ and 0% for EmsK. The index of discrimination (D) was 0.37 for EmsJ with two groups and 0.03 for EmsK with two groups. Amplification of the NAK1 target was basically in agreement with previously published data (22) . However, a slight size difference of 30 bp was due to the use of primers NAK1 A and NAK1 B (Table 1) , which were designed from the sequence available in GenBank (GbR AB100031) before the paper by Nakao et al. was published (22) . In addition, two new alleles were found with these primers. Overall, this target presented a total of five alleles, with five homozygote and two heterozygote genotypes ( Fig. 2 and Table 3 ). Some of the Alaskan isolates could not be amplified, despite the use of different sets of primers and different conditions as described above. The investigation of metacestodes from the Chinese rodents yielded one specific allele at 189 bp. An allele at 192 bp was found predominantly in Alaskan and Canadian samples. Among the European and Japanese samples, the 195-and 198-bp alleles were predominant. The 201-bp allele was present only among Swiss isolates. The rate of heterozygosity was 5.88%. The index of discrimination was 0.73 for NAK1, with seven different groups.
Reproducibility of results was demonstrated by performing the experiments independently at the two research laboratories mentioned above.
EmsB polymorphism. EmsB amplification was successful for the entire sample collection. The EmsB investigations resulted in a complex profile pattern, yielding 17 different alleles (209 bp to 241 bp) as described by Bart et al. in 2006 (4) . The Pearson correlation coefficient was determined for each sample between data sets obtained on the Beckman CEQ 8000 and on the ABI Prism 3100. It ranged between 0.92 and 0.99 (P Ͻ 0.001). Furthermore, patterns found with the Beckman CEQ 8000 were in agreement with those found with the ABI Prism 3100 as shown in the Fig. 3 .
Repeatability was assessed by performing PCR and fragment analyses of the Polish fox sample 302 PL-F five times with both systems. After normalization of the profiles, standard deviation () of the genetic distance between each repetition was 3.1 ϫ 10 Ϫ3 with the ABI system versus 6.3 ϫ 10 Ϫ3 with the Beckman system. The main EmsB profiles are shown in Fig. 4a .
ABI data were used to construct a dendrogram (Fig. 4b) . Robustness of nodes was tested by multiscale bootstrap resampling (B ϭ 1,000), given an approximately unbiased P value. The outgroup controls, composed of two E. granulosus samples, were distinguished from the other groups by a maximum genetic distance of 0.5.
A genotypic threshold, based on the results given by the cultivated isolates, was created to define the total number of genotypes. This threshold was calculated according to the following formula: x ϩ 3 (where x represents the average of the genetic distance found between the three samples and represents the standard deviation). The calculated average was 0.0266, and standard deviation was 0.0177. The calculated genetic distance value was 0.08. With this method of classification, the index of discrimination was 0.94 for this target, with 29 different groups.
The E. multilocularis panel was divided into three distinct clusters. The Alaskan block was composed of isolates obtained from rodents all caught in the same field and from two Alaskan patients (profile A in Fig. 4 ). This cluster was genetically distinguished from the other isolates by a value of 0.48. The Asia-Canada-Alaska group (profiles B and C) was clearly distinguishable from the European cluster by a value of 0.32. In  Fig. 4 , five main European EmsB profiles (D, E, F, G, and H) are shown. Their variations were due to the heights, the numbers, and the sizes of the peaks. For a given profile, variations were caused only by the heights of the peaks. We were able to differentiate several genotypes using our fixed genetic threshold. Thus, 23 genotypes were identified out of the 51 European samples. For example, the cluster formed by profile D was split into four closed genotypes. Profile E was characteristic for the parasites collected from rodents caught in the Fribourg field. Profile F was found among E. multilocularis collected from Swiss foxes, humans, and monkeys.
DISCUSSION
Previous studies (4, 9, 22) have tackled E. multilocularis genetic variability by using microsatellite DNA targets. Micro- satellite sequences, due to their high power of discrimination, seemed to be a suitable tool to search for genetic differences not only between geographically distinct endemic areas but also within the areas themselves (4, 22) . In the present study, we assessed and compared the discriminatory powers of different microsatellite targets by investigating a large panel of E. multilocularis isolates originating from different endemic foci, such as Saint Lawrence Island (Alaska), Central Europe, the Tibetan Plateau, and Japan. The single-locus microsatellites EmsJ and EmsK provided data about the parasites' genetic diversity that was relevant for discriminating samples over a large geographical range. The European cluster could thus be distinguished from the Alaskan, Canadian, and Asian cluster by two distinctly different genotypes. This combination enabled us to determine the global origins of the samples. Nevertheless, these two microsatellites exhibited a weak discriminatory power on a small scale, and we were unable to compare our results with the heterozygosity previously described by Nakao et al. (22) . With regard to NAK1, its higher level of discriminatory power enabled us to determine genetic polymorphism between the Tibetan, Alaskan, and European-Japanese clusters. On the other hand, a strong similarity was depicted for samples collected from the same field in Switzerland, indicating a possible common origin of contamination by E. multilocularis in that area, as there was also a spatial and temporal homogeneity with regard to the sampling procedure. The same phenomenon was observed for some Alaskan rodents, caught under similar geographically restricted conditions. While these findings were demonstrated with EmsB, they could not be confirmed with the NAK1 target, because these samples did not provide specific amplification products. The lack of amplification has not been clarified, despite the redesign of several primer sets. No reliable geographical or genetic structures were observed among the other European samples with the NAK1 target. More isolates have to be investigated to document the polymorphism level of this target in different areas. The fairly high rate of polymorphism of NAK1 may be linked to the mutation rate which occurs faster in the NAK1 region than in those of the other two single-locus microsatellites. The heterozygosity found by NAK1 in the present study was qualitatively in agreement with results previously published by Haag et al. and Nakao et al. (17, 22) . However, the relatively low rate of heterozygosity confirmed that cross-fertilization occurs in the tapeworm, but to a much lesser extent than self-fertilization (17) .
The EmsB target, referred to as a "tandem repeated multilocus microsatellite," had a higher discriminatory power than the conventionally used single-locus microsatellites. Indeed, with the 17 alleles described, EmsB enabled us to discriminate single isolates from the same geographic origin, even at the "field" level. The extremely high discriminatory power of this target did not prejudice our study, as only a small genetic distance between samples from the same geographical origin was found, i.e., in the field in Alaska and in the one in Switzerland. When comparing single-locus microsatellites and EmsB results, the hypothesis of a "clonal" contamination of rodents living in the same field by, for example, one or several foxes that were infected by the same parasite isolate is considerably strengthened. In addition, an identical profile was found for different Swiss hosts, as shown in Fig. 4 . This result illustrates that the genetic variability exhibited by EmsB is linked to the geographical specificity and not to the host specificity of samples.
Genetic studies using microsatellites are commonly based upon multiplex analyses in which 10 to 15 targets are simultaneously amplified in the same PCR. These analyses are usually carried out in forensic investigations or in filiation studies for livestock animals. E. multilocularis is an organism with a particular reproduction pattern. The very low encountered heterozygosity rate indicates a predominantly self-fertilizing breeding process. This organism does not follow the HardyWeinberg principle, and multiplex studies are thus not appropriate. Thus, the EmsB microsatellite proved to be very useful because it provided more information with a single PCR than, for example, 10 single-locus microsatellites together. Furthermore, it yielded a high rate of positive analyses, with nearly 100% of output.
For the first time, a relevant tool is now available to study the temporal and spatial development of the parasite within different host populations, since the similarity between the profiles of definitive and intermediate hosts can be demonstrated.
Using this tool, the question of emergence or reemergence of the infection in several regions of Europe can be addressed (14) . Tracking the spread of single genotypes spatially and temporally may help to identify the source of the parasites in recently described new areas of endemicity. Due to the long incubation period of AE in humans, tracing the contamination to its source has been nearly impossible so far. The next challenge will be to superimpose a genetic distribution map on eco-epidemiological data and to construct a risk map for better public health management.
